Introduction
Decarburizing of steel surface sometimes occurs during hot rolling process or annealing process. Because the decarburized steel causes several problems, for example, lowering of strength and fatigue life, when the decarburized steel is used to manufacture parts such as gears, springs or bearings therefore it is necessary to minimize the decarburizing depth, especially for wire and rod steel. The microstructures of decarburizing area after annealing have been reported. 1) It is widely known that ferrite decarburizing, which is defined as decarburizing whose areas consist of ferrite microstructure, occurs on the surface of steel when the steel is kept at around the temperature at which the microstructure of the steel becomes ferrite and austenite duplex phase, i.e. from 1 000 K to 1 150 K.
2) The effect of temperature on ferrite decarburizing has been roughly measured, 3) and the behavior of C-curve has been found with maximum growth occurring around 1 073 K. [4] [5] [6] It has been reported that heating and cooling rate affect the ferrite decarburizing depth. 2, 6, 7) There are a lot of reports about the behavior of ferrite decarburizing studied experimentally, as described above. However, an adequate model of decarburizing is not available except for the model of decarburizing which occurred at a temperature at which the steel has an austenite microstructure, 8) because the mechanism of the ferrite decarburizing is not clearly understood. Our study focused on the effect of the chemical composition of steel and heating condition on the ferrite decarburizing depth, and attempted to use a model which has been solved to obtain a carbon diffusion coefficient in ferrite for the calculation of the ferrite decarburizing depth. Furthermore, the propriety of the simulation result was confirmed experimentally.
Model of Ferrite Decarburizing and Calculation

Effect of Chemical Composition of Steel
Ferrite decarburizing is a diffusion problem of carbon with phase transformation, for example from austenite to ferrite. When ferrite decarburizing occurs, a discontinuous concentration profile of carbon is observed as shown in Fig.  1 . The discontinuous concentration profile is caused by the continuity of chemical composition of carbon in ferrite and austenite.
9) The diffusion equation has been solved by Wagner in the case that phase transformation, which is con- Materials Research Laboratory, Kobe Steel, Ltd., 5-5, Takatsukadai 1-chome, Nishi-ku, Kobe 651-2271 Japan. 1) Kobe Works, Kobe Steel, Ltd., 2 Nadahama Higashicho, Nada-ku, Kobe 657-0863 Japan.
(Received on December 9, 1999; accepted in final form on February 11, 2000 ) The calculation of ferrite decarburizing depth considering the effects of the chemical composition of steel and heating condition was attempted using a diffusion model and its propriety was confirmed by comparing with the experimental results. The calculation values of ferrite decarburizing depth were almost the same as the experimental values under most heating conditions, which indicates that the model is appropriate for simulation of the ferrite decarburizing depth considering the steel composition and heating condition. Only in the case where steel with a high proportion of titanium, vanadium and chromium was heated to under 973 K, did the ferrite decarburizing depth of the experiment show lower values than that of the calculation. It was speculated that small MC carbides as TiC or VC and chromium which stabilizes cementite affected the formation of ferrite decarburizing area.
KEY WORDS: ferrite decarburizing; diffusion of carbon; simulation; thermodynamics; wire and rod steel. trolled by concentration of the diffusing element, occurs at a constant temperature, 9) and it has been clarified that the solution could be approximated, as in the following equation, when the solution is applied to the diffusion problem of carbon in ferrite. (1) where, X is the ferrite decarburizing depth shown in Fig. 1 , and C b , C 1 are the solubility of carbon in ferrite shown as a bold line in Fig. 2 , and the initial concentration of carbon in steel, respectively. D and t are diffusion coefficient of carbon in ferrite and time, respectively. Here, Eq. (1) is applicable in the temperature ranges of A and B shown in Fig. 2 . In these ranges, ferrite decarburizing depth is controlled by the diffusion of carbon in ferrite. In the temperature range of C, the ferrite decarburizing depth is controlled by the carbon diffusion in both ferrite and austenite, thus Eq. (1) is not applicable in a strict sense. However, it was assumed in this paper that Eq. (1) could be used approximately in the temperature range of C. In the temperature range of D, ferrite decarburizing does not occur because ferrite does not appear even if the carbon concentration is zero, and the simulation model of carbon concentration profile has been reported, 8) therefore the authors did not pay attention to the diffusion problem in the range of D.
Equation (1) has been solved in order to obtain D under the condition that X, C b , C 1 and t were known, 10) however, under conditions of D, C b , C 1 and t known, the ferrite decarburizing depth, X, could be calculated. D 0 ϭ0.394 [mm2/s], Qϭ80.22 [kJ/mol] were used as the preexponential factor and activated energy of D, respectively. They have been obtained as a impurity diffusion data under estimation using pure iron. 11) In this paper, the effects of alloying elements for diffusion of carbon was ignored. C b was calculated using the thermodynamics database system, Thermo-Calc 12) and C 1 was known from the analysis of chemical composition of steel. For each kind of steel, it is considered that the ferrite decarburizing depth is calculated by substituting C 1 and C b , if the effect of scale, which is the iron oxide formed on the surface of the steel, on the ferrite decarburizing is small.
The ferrite decarburizing depth of the steels shown in Table 1 was calculated under the condition whereby the temperatures were kept constant for 100 min. There was less distinction between ferrite and ferrite with very small MC carbides as TiC or VC under the microstructure estimation, thus, the boundary concentrations of carbon between (ferriteϩMC carbide)/(ferriteϩMC carbideϩcemen-tite), (ferriteϩMC carbide)/(ferriteϩMC carbideϩausten-ite) or ferrite/(ferriteϩaustenite), for example shown in Fig.  3 as a bold line on the calculated phase diagram of SUP7, were used as the data of C b , which is the critical concentration of ferrite decarburizing depth. As shown in Fig. 4 , the calculated results indicate that almost all the ferrite decarburizing occurred around the temperature where the steels have a ferrite and austenite duplex microstructure and that the growth rate of the ferrite decarburizing had C-curve behavior with a maximum around the 1 073 K. That was the same behavior as experimental results have reported.
2,4-6) 
Effect of Heating Condition
When the temperature at which the ferrite decarburizing occurs is not constant, the ferrite decarburizing depth is calculated as follows by integrating Eq. , and measured the surrounding area of the plotted diagram in order to obtain the solution of Eq. (2) as the ferrite decarburizing depth. In fact, the ferrite decarburizing depth of the steels shown in Table 1 was calculated under the condition of temperature changing. Calculated results will be presented later.
Experimental
In order to confirm the propriety of the calculation results, experiments were done using the steels shown in Table 1 . To avoid the effect of surface decarburizing as rolled condition, the wires were cut longitudinally into the shape shown in Fig. 5 , and the specimens were placed in a furnace kept at a constant temperature of 973 K, 1 123 K, 1 173 K and 1 223 K for 100 min under the air atmosphere. After the heating, the specimens were cooled in air. As the other annealing condition, the specimen was heated from room temperature to 973 K and then cooled to room temperature in the furnace as shown in Fig. 6 . After the annealing, sectional microstructures, where the longitudinal cut section became the surface, were observed to estimate the ferrite decarburizing depth, which was measured as the thickness of ferrite band on the surface of the steel. From the definition of the ferrite decarburizing depth in industry, the ferrite band which include the small MC carbides, for example TiC or VC, was estimated as the area of ferrite decarburizing.
Results and Discussion
Effect of Chemical Composition of Steel on
Ferrite Decarburizing Depth The microstructures of the SUP7 after annealing for 100 min with temperature kept constant at several temperatures are presented in Fig. 7 . It was found that the ferrite decarburizing depth had the C-curve behavior as seen in the calculated result shown in Fig. 4 . The other steels, SUP6 and SRS60, also had the same behavior. In Fig. 4 , the ferrite decarburizing depth of the steels estimated from the microstructure is shown. Comparing the values of the results between experiments and calculations, it was found that both results mostly coincided, especially over 1 100 K, therefore it is considered that the model of ferrite decarburizing, which includes the factor of the chemical composition of steel as shown in Eq. (1) is basically applicable.
The details of the results can be described as follows. At 973 K, as for SUP7, the results of calculation and experiment were 60 mm and 50 mm, respectively, and they coincided well. On the other hand, as for SUP6 and SRS60, the results of experiments had the values less than that of calculations at 973 K. As shown in Table 1 , the steels of SUP6 and SRS60 included vanadium of 0.01 and 0.17 mass%, respectively, therefore it is expected that they had smaller MC carbides as VC or TiC. Furthermore for SRS60, more chromium, which makes cementite stable, was alloyed. At 973 K, the ferrite band caused by decarburizing observed on the surface of the steels was formed by the dissolution of cementite in pearlite microstructure. It is speculated that the small MC carbides and more chromium affected the dissolution of cementite at this temperature, then the experimental ferrite decarburizing depth of SUP6 and SRS60 had low values compared with the calculated values. At 1 123 K, the calculated result and experimental result of each steel were almost the same as shown in Fig. 4 . At this temperature, the ferrite band was not formed by dissolution of cementite but formed by phase transformation from austenite to ferrite, and it is considered that the effect of the MC carbide on the formation mechanism of the ferrite band was different. Furthermore, the solution limit of the MC carbide becomes large around 1 123 K as seen in Fig. 3 , the MC carbides were expected to dissolve more as the temperature increased. Thus, the effect of one of the disorder factors for the model, i.e. the effect of the MC carbides, became slight, then it is considered that the ferrite decarburizing in fact occurred as calculated. Above 1 173 K, both values of calculation and experiment also coincided well for each steel as shown in Fig. 4 .
As shown in Fig. 7 , the specimens heated to over 1 123 K have the gradation of ferrite plus pearlite microstructure under the ferrite band. The fraction of ferrite decreased toward the center of the steel. Since 1 123 K is the temperature range of C shown in Fig. 2 , diffusion of carbon also occurs in austenite and it is expected that the carbon concentration profile under the conditions of constant temperature had the concentration gradation in austenite as shown in Fig. 8 . Thus, it is considered that the concentration gradation in austenite causes the gradation of ferrite plus pearlite microstructure through the cooling process. The graduation length of ferrite plus pearlite became larger as temperature increased. That is considered to be a reflection of the large gradation length of carbon concentration in austenite.
As described above, the ferrite decarburizing depth by calculations basically coincided with that by experiments, and it is considered that the ferrite decarburizing depth can be calculated considering the chemical composition of steel, using a model as in Eq. (1) . The coincidence between calculations and experiments indicates that the effect of the scale at the surface of the steel was small in our experimental conditions, though it has been reported that there are some effects of the scale on decarburizing. 13) In fact, some amount of the scale was observed as shown in Fig. 7 . Outside of the specimen after annealing showed smooth surface, and crack under the scale shown in Fig. 7 was formed during cutting or polishing process after the annealing. It is considered that consideration of scale effect on the ferrite decarburizing model will be required for more common use. This point will be future work.
Effect of the Heating Condition on the Ferrite
Decarburizing Depth Effect of the heating condition was estimated using SUP7. From the microstructure of SUP7 shown Fig. 9 , which was heated in the condition of Fig. 6 , the ferrite decarburizing depth was measured to be about 20 mm. On the other hand, the ferrite decarburizing depth calculated by the method of Eq. (2) became about the same value under the same conditions as the experiment. From this fact, it is considered that the ferrite decarburizing depth can be calculate considering heating condition using a model as in Eq. (2). Equation (2) was obtained by integrating Eq. (1) which is a model considering the chemical composition of steel. This indicates that it is possible to calculate ferrite decarburizing depth considering the both effects of chemical composition of steel and heating condition simultaneously by using Eq. (2).
Conclusions
A calculation model of ferrite decarburizing depth considering the effects of chemical composition of steel and heating condition was attempted and its propriety was confirmed by comparing with the experimental results. The following conclusions were obtained.
(1) The ferrite decarburizing depth by calculations considering the chemical composition of steel was almost the same as that by experiments under constant temperature conditions, though both values were somewhat different for SUP6 and SRS60 at 973 K. It is considered that the model is applicable to calculation of the ferrite decarburizing depth considering the steel composition.
(2) Calculated ferrite decarburizing depth considering the heating condition was the same as experimental one. It is considered that it is possible to calculate ferrite decarburizing depth considering both effects of chemical composition of steel and heating condition.
(3) The accuracy of calculation was not good for the steel which included a large proportion of titanium, vanadium and chromium in the condition heated to 973 K. It is speculated that small MC carbides as TiC or VC and chromium which stabilizes cementite affect the formation of the ferrite decarburizing area. 
